The motor cortex and spinal cord possess the remarkable ability to alter structure and function in response to differential motor training. Here we review the evidence that the corticospinal system is not only plastic but that the nature and locus of this plasticity is dictated by the specifics of the motor experience. Skill training induces synaptogenesis, synaptic potentiation and reorganization of movement representations within motor cortex. Endurance training induces angiogenesis in motor cortex, but does not alter motor map organization or synapse number.
Abstract:
The motor cortex and spinal cord possess the remarkable ability to alter structure and function in response to differential motor training. Here we review the evidence that the corticospinal system is not only plastic but that the nature and locus of this plasticity is dictated by the specifics of the motor experience. Skill training induces synaptogenesis, synaptic potentiation and reorganization of movement representations within motor cortex. Endurance training induces angiogenesis in motor cortex, but does not alter motor map organization or synapse number.
Strength training alters spinal motoneuron excitability and induces synaptogenesis within spinal cord but does not alter motor map organization. All three training experiences induce changes in spinal reflexes that are dependent on the specific behavioral demands of the task. These results demonstrate that the acquisition of skilled movement induces a reorganization of neural circuitry within motor cortex that supports the production and refinement of skilled movement sequences. We present data that suggest increases in strength may be mediated by an increased capacity for activation and/or recruitment of spinal motoneurons while the increased metabolic demands associated with endurance training induce cortical angiogenesis. Together these results show the robust pattern of anatomical and physiological plasticity that occurs within the corticospinal system in response to differential motor experience. The consequences of such distributed, experience-specific plasticity for the encoding of motor experience by the motor system are discussed.
Introduction:
Adult motor behavior is highly adaptive and can be modified in response to a variety of different motor experiences including skill, strength and endurance training. Acquired motor behaviors also endure in the absence of continued training demonstrating that motor experience is somehow persistently encoded within the nervous system. There is now extensive evidence that motor training can induce structural and functional adaptation ("plasticity") within several motor areas including basal ganglia (13, 21, 39) , cerebellum (14, 47, 48) , and red nucleus (27).
The present review focuses on plasticity within motor cortex and spinal cord that occurs in response to skill, exercise and endurance training.
Virtually all acquired motor behaviors contain some element of skill learning, increased strength and increased endurance that develop through extensive practice. We will distinguish between these different classes of motor behaviors on the basis of the primary behavioral demand imposed by the training experience. Skill training is defined as the acquisition and subsequent refinement of novel combinations of movement sequences. Strength training is defined as resistance exercise resulting in an increase in force capacity and endurance training refers to exercises that increase the capacity for continued motor output. Evidence is reviewed that these three different motor training experiences are encoded though disparate forms of anatomical and neurophysiological changes across the motor cortex and spinal cord.
Motor Cortex

Skill Training:
Primary motor cortex is organized into highly interconnected neural assemblies (localized groups of neurons with similar inputs and outputs) that control discrete movements across different joints (i.e., hand, finger, legs) (16, 38, 72) . The coordinated activation of these assemblies then encodes complex, multi-joint movements such as reaching (22). It has been proposed that the acquisition and refinement of novel movement sequences during skill learning involves changes in the connectivity between these neural assemblies (55) . These changes are reflected as alterations in cortical synapse number, synaptic strength and the topography of stimulation evoked movement representations.
Adult rats trained on a complex visuomotor task that requires the animals to learn limb placement and posture control in order to traverse a complex obstacle course ("acrobatic task")
show increases in synapse number within motor cortex in comparison to control animals that walked an unobstructed course (35, 36, 46) . Similarly, skilled reach training increases the complexity and density of forelimb motor cortical dendritic processes (3, 5, 23, 81 ) and synapses per neuron (40, 45). The increase in synapse number is consistent with enhanced post-synaptic potentials within the hemisphere contralateral to the trained paw (30, 56, 70).
These synaptic changes are thought to represent changes in cortical circuitry resulting in a reorganization of the neural assemblies encoding movement. In support of this notion, reach trained rats show an expansion of microstimulation evoked movement representations within motor cortex (motor maps) corresponding to the specific motor region that corresponds to the muscle groups used in the task. The specificity of the training induced cortical reorganization was demonstrated in squirrel monkeys initially trained on a skilled digit manipulation task that induced only an expansion of digit representations in motor cortex (60). Cessation of skilled digit training followed by training on a skilled wrist manipulation task reduced the previously enlarged digit representational map while also expanding the wrist motor map in the same animals (60). Skilled reach trained rats also exhibit an expansion of distal (wrist and digit), but not shoulder and elbow, movement representations in the motor cortex in comparison to controls (41). Furthermore, this learning induces synaptogenesis that is colocalized to regions in motor cortex exhibiting the expansion of wrists and digit cortical map reorganization (40). The reorganization of motor maps is not simply due to increased forelimb use, as demonstrated by the lack of distal forelimb motor map expansions in rats trained to repetitively press a lever (41), continuously reach for an unattainable pellet (45) or run in running wheel (44). Similarly, squirrel monkeys trained to retrieve food pellets from a large well that does not require the development of novel skilled digit movements do not show any change in digit movement representations despite having produced approximately 13,000 digit flexions during the course of training (68) . These data indicate that training on a novel skill produces alteration in the neural circuitry in the motor cortex that are specific to the muscle groups necessary for execution of the trained task and do not occur following simple repetitive use of those same muscle groups.
Transcranial magnetic stimulation (TMS) and neuroimaging techniques have been used to demonstrate similar changes in human motor cortex (12, 32, 37, 65) . Subjects trained to produce skilled digit movements on a piano show an increase in the area of digit representation corresponding to the trained hand and a decrease in motor evoked potential (MEP) threshold (64). These changes do not occur in the contralateral, nonplaying hand or in control subjects.
Training subjects on skilled ankle (67) 
Endurance Training:
In motor cortex, the primary effect of endurance training is on cerebrovasculature.
Exercise induces angiogenesis and increases blood flow, presumably to meet the increased metabolic demands of cortical neurons. Swain et al (75) reported that animals given free access to a running wheel for 30 days had increased blood flow and greater angiogenesis in the motor cortex compared to sedentary rats. Exercise induced changes in blood flow and angiogenesis were specific to the motor cortex and were not found in the frontal cortex or other subcortical areas, indicating that these changes are specific to areas activated by the training (75) . Further, Kleim et al (44) showed that although thirty days of training is sufficient to induce angiogenesis within motor cortex, it does not alter motor map topography.
Despite the lack of exercise-induced quantifiable increases in synaptogenesis in the motor cortex, exercise training does upregulate neurotrophic factors that promote neuronal survival and differentiation (79) . Moderate motor activity, such as animals running on an unobstructed walkway for several minutes a day and voluntary exercise in a running wheel elevates the expression of BDNF in the motor cortex (49). However, whereas skilled training induced both increases in BNDF levels and TrkB receptors, exercise only affected BDNF levels (49). These data indicate that it is possible that exercise may create a more supportive and nutritive neural environment through increased vasculature, blood flow or growth factors but does not induce any significant changes in cortical circuitry.
Spinal cord:
Skill Training: The conditioned decrease in the H-reflex is due to an increase in motoneuron firing threshold, while a reflex increase is due to reduced inhibition of the motoneuron (7, 8).
Decreasing the H-reflex causes an increase in GABAergic (inhibitory) synapses onto spinal cord training also leads to decreases in TMS evoked MEPs (10, 33). Thus, the increased excitability does not appear to be mediated by enhancement of corticospinal projections as measured by TMS. However, the descending output elicited by TMS of the motor cortex certainly differs substantially from the output generated physiologically to produce voluntary movement.
Strength training may lead to an enhanced capacity for motoneuron recruitment and sustained activation that is not detectable by single pulse TMS.
To further examine the possibility that strength training alters spinal cord circuitry, we have examined the number of synapses onto neurons within the ventral horn of the cervical spinal cord of rats from a previous study examining the effects of differential motor training on motor map organization (69) . Strength trained rats exhibited a greater number of excitatory but not inhibitory synapses onto spinal motoneurons in comparison to reach trained and untrained control animals (Figure 3) . Although the origin of these synapses is unclear, this is consistent with the notion that strength training increases motoneuron excitability. The experiment provides a double dissociation of strength training versus skill training. Skill training induces reorganization of movement representations (69) whereas strength training induces synaptogenesis within spinal cord. Thus, the behavioral demands associated with each task dictate the nature and locus of the plasticity.
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Endurance training:
As with strength and skill training, the majority of studies examining changes in spinal because co-contraction of muscles is associated with greater presynaptic inhibition, the persistent co-contractions essential for skilled movement, such as in ballet dancing, may lead to lasting decreases in transmission at the Ia synapse, and thus explain the reduction in H-reflex. Such changes might enhance the precision of individual movements. Thus, as with motor cortex, activity alone is not the sole signal for driving spinal cord plasticity. Again, plasticity is dependent upon the demands of the task rather than simply the amount of motor activity.
Additionally, due to the complexity of motor repertoire, it is often difficult to clearly delineate corticospinal changes that result from each of these three forms of motor training.
The Complexity Created by Experience-Specific Plasticity
It is important to point out that the inherent capacity for experience-specific plasticity within the motor system adds an additional level of complexity to the neural encoding of motor behavior. First, most new motor behaviors are acquired with some element of skill learning, increased strength and increased endurance. Therefore, the acquisition of motor behavior is associated with specific patterns of plasticity across the motor system, which encode each element of motor output and are potentially difficult to distinguish. Second, because multiple motor behaviors are encoded within the same sites, plasticity within these sites must be layered onto or incorporated into neural circuits that have previously undergone training-induced reorganization. Thus, previous experience-specific reorganization may be altered by these newly 
